This Letter reports the use of an inductively coupled plasma technique for fabrication of proton-exchanged ͑PE͒ LiNbO 3 ͑LN͒ waveguides. Planar and stripe waveguides have been formed in Y-cut LN which are difficult to obtain with the conventional molten acid method due to the occurrence of surface damage. Secondary ion mass spectrometry, scanning electron microscopy, and infrared absorption spectrum characterization results revealed that a uniform vertical PE profile with a single low order crystal phase has been directly obtained as a result of this unique process. X-ray photoelectron spectroscopy characterization of the treated surface revealed the existence of NbO as the cause for a sometimes darkened surface and confirms the ability to completely restore the surface to LN by oxygen plasma treatment. Atomic force microscopy measurement confirms that good surface quality has been maintained after regeneration of the surface to LN. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2191704͔
Proton exchange ͑PE͒ is a conventional technique used to fabricate waveguides on a variety of lithium niobate ͑LN͒ substrates, including X-, Y-, and Z-cut types and substrates doped with MgO and ZnO. Benzoic, adipic, glutaric, octanoic, stearic, and pyrophosphoric acids and their mixtures are well-known proton donors.
1-4 Seven different crystallographic phases of H x Li 1−x NbO 3 , i.e., the ␣, 1 , 2 , ␤ 1 , ␤ 2 , ␤ 3 , and ␤ 4 phases, have been identified in PE layers by secondary ion mass spectrometry ͑SIMS͒, Rutherford backscattering ͑RBS͒, x-ray rocking curve diffraction, infrared ͑IR͒ absorption spectroscopy, Raman spectroscopy, etc. 5 In order to obtain low order phase waveguides with high quality and low propagation loss, various methods have been intensively researched, including the annealing proton-exchanged ͑APE͒ process, 6 soft proton-exchanged ͑SPE͒ process, 7 and vaporphase proton-exchanged ͑VPE͒ processes. 8 PE in water has also been used, 9 as well as double proton-exchanged process for Y-cut LN. 10 Among these, APE and SPE are more widely used, although APE requires properly matched initial PE conditions and SPE samples have to be immersed into melting acid diluted by Li compound at 300°C for a long duration, in order to obtain an ideal exchange depth. In contrast, dry methods using hydrogen ion implantation 11 and hydrogen plasma techniques are so far rarely researched. Turcicova et al. used a capacitance ͑parallel plate͒ coupled plasma technique to operate a PE process in X-cut and Z-cut LN, giving H and Li concentrations similar to pure acid donors techniques, under comparatively high temperatures ͑about 570-640°C͒ and high H 2 pressure ͑0.5 mbar͒. However, in subsequent thermal reoxidation in oxygen the original structure was not restored. Grainlike structures were formed on the treated surface, giving rather high propagate losses. 12 Due to strong lattice deformations, PE waveguides are particularly difficult to obtain on Y-cut LN via the benzoic acid ͑BA͒ or similar molten acid processes. 13, 14 Although it was possible to obtain reasonable PE layers at relatively low temperatures ͑up to ϳ160°C͒ for short exchange times ͑up to ϳ60 min͒, damage started to occur in the LN surface when the temperature was increased or the exchange time was prolonged in order to obtain a deeper PE layer.
In this Letter, we report an inductively coupled plasma ͑ICP͒ based technique capable of fabricating PE waveguides on several types of LN surface, including Y-cut LN, without surface deformation or damage.
Our PE process was carried out in an Oxford Instruments Plasma Technologies ͑OIPT͒ ICP100 system using pure hydrogen as the process gas. A hydrogen pressure of 8 mTorr and flow rate of 50 SCCM was used. The ICP source rf power was set up to 1 kW in order to generate high density hydrogen plasmas, and a small rf electrode power ͑25 W͒ was applied to generate the necessary self-bias voltage attracting the H + ions onto the surface of the sample. The samples were placed on the lower electrode set at a temperature of 170°C. After the ICP PE process, the composition of the PE layers was investigated with a SIMS system attached to a focused ion beam ͑FIB͒ etching tool to obtained relative H and Li concentrations, as well as profiles of O and Nb. Depth profiles of these elements were obtained by etching the sample at a known etch rate with a high energy ͑25 keV͒ Ga + ion beam, thereby sputtering and ionizing species, and simultaneously measuring the intensity of the ion mass spectral lines corresponding to H + , Li + , Nb + , and O + . Figure 1 shows typical depth profiles obtained in this manner with three distinctive regions. In region I close to the sample surface, the Li concentration is quite low and demonstrates a rapid composition change from the surface to a depth of approximately 150 nm. Subsequently, the Li concentration stabilizes into a steplike region II extending from ϳ150 nm to more than 430 nm deep, where the concentrations of all species are approximately constant. Finally the profile makes the transition gradually into the substrate region III in Figs. 1͑a͒ and 1͑c͒. For prolonged exchanged times, region II extends deeper into substrate though maintains its characteristic steplike profile. However, region I and the transition towards region III are not obviously broadened in Figs. 1͑b͒ and 1͑d͒ .
Similar ion species profiles for BA PE samples exchanged at 158°C for 60 min are shown in Fig. 2 . Compared with Fig. 1 , the Li profile also has a nearly linear increase from the surface, but without any obviously steplike region II in Fig. 2 . However, the H profile takes on such a steplike profile.
A vertical cross section of PE waveguides treated with H 2 plasma was made using FIB, by first etching a deep rectangular pit into the sample and then polishing the cross section to be examined using the ion beam. This allowed direct observation by secondary electron imaging. The sample shown in Fig. 3 has a window in a SiO 2 mask layer where PE has taken place. In this region, a brighter layer can be observed under the surface to approximately 150-200 nm depth, indicated by the white circle in Fig. 3 . This brightness, which gradually reduces to that of the substrate, corresponds to region I in the SIMS H + profile shown in Fig. 1 , and is believed to result from the higher secondary electron emission rate from the H-enriched thin layer. This layer does not exist under the SiO 2 mask.
In some cases, the treated LN surface became slightly darkened. X-ray photoelectron spectroscopy ͑XPS͒ analysis ͓Thermo VG Scientific Escascope; Al K␣ ͑1486.6 eV͒ x rays, 250 W ͑12.5 kV, 20 mA͔͒ was used to investigate the LN surface changes after the ICP PE processing. Two characteristic peaks of Nb in the LN structure, 3d 3/2 and 3d 5/2 , were, respectively, found at 210 and 207 eV binding energies from Nb spin-orbit splitting of the 3d level in Fig. 4͑a͒ . After being treated, using H 2 plasma, the Nb 3d 3/2 and 3d 5/2 peaks were shifted, respectively, to 207 and 204 eV in Fig. 4͑b͒ . This is an indication that F centers and F + centers were introduced in the near surface region, and NbO was formed. NbO is strongly absorbing in the visible region, 15 hence the surface darkens.
The darkened samples were subsequently treated in oxygen plasma at an oxygen pressure of 20 mTorr and a flow rate of 20 SCCM in the same ICP chamber. This treatment successfully recovered the surface to a high transparency. After O 2 plasma treatment, the oxygen concentration was remarkably increased in the surface and the near surface region I in Figs. 1͑b͒ and 1͑d͒ . XPS analysis results in Figs. 4͑c͒ and 4͑d͒ showed that the NbO peak at 204 eV has disappeared after the O 2 plasma treatment, and only the peaks associated with Nb 5+ at around 207 eV remain present. As both SIMS and XPS ͑not shown here͒ results suggest low Li concentration at the surface, it is likely that NbO has been mostly further oxidized to Nb 2 O 5 at the near surface region, and the sample regained high transparency.
Atomic force microscopy ͑AFM͒ images in Figs. 5͑a͒ and 5͑b͒ show the topography of LN surfaces before and after ICP treatment. The surface roughness essentially remained the same as the virgin surface after H 2 plasma treatment. Also no obvious change in LN surface roughness was observed after different durations of O 2 plasma processing in Figs. 5͑c͒ and 5͑d͒.
IR absorption spectroscopy is usually used to identify crystallographic phases that exist in PE waveguides. 16, 17 In plasma-treated samples, one sharp absorption band, due to the vibration of free OH groups was observed at ϳ3480 cm −1 which deepens and widens with prolonged exchanged time. However, another absorption band ͑ϳ3250 cm −1 ͒ of the hydrogen bonded OH − group vibration spectrum, generally due to high order ␤ i phases, was not found. This demonstrates that H has been exchanged to definite depth and region II is in a single low order phase because of the uniform H and Li concentrations.
It has been demonstrated that the ICP techniques can be used to fabricate PE waveguides, especially on Y-cut LN, without deformation or surface damage. SIMS, SEM, and IR absorption spectrometry characterizations of the ICP PE samples revealed that a uniform vertical PE region with a single low order crystal phase was directly obtained. XPS characterization of the treated surface revealed the existence of NbO which darkened the surface, but the surface was completely restored to high transparency by oxygen plasma treatment. AFM confirmed that a good surface quality was maintained throughout. 
